Abstract: The effect of various installation positions of a frame wire installed in a photovoltaic (PV) power generation system on radiation noise from the DC side of such a system is investigated in the frequency range from 150 kHz to 30 MHz. First, a PV measurement model with two PV panels is proposed. The radiation noise from this model is compared with that from a simulation model. Good agreement between the measured and simulation results is obtained. Then, the radiation noise from this model with various installation positions of the frame wire is investigated. When the frame wire is installed along power lines, the radiation noise is suppressed at low frequencies where the phases of the currents of the power lines and the frame wire are reverse. Furthermore, the radiation noise increases at low frequencies when the frame wire is vertically installed between the corner of the PV panels and the ground plane. This increase is caused by the loop formed by the PV panels, power lines and the frame wire.
Introduction
Recently, the applications of green electronics, such as photovoltaic (PV) power generation systems, are attracting considerable attention [1, 2, 3, 4, 5] . However, when the DC generated in a PV panel is converted into AC in grid-connected power conditioners (GCPCs), noise occurs at the switching frequencies of the GCPC of the PV power generation system and its harmonic frequencies. Radiation noise from a PV panel has been studied [1, 2, 3, 4] . However, these studies only model the PV panel and focus on the radiation noise from the panel. Very few studies have discussed the effect of cables of the PV power generation system on radiation noise [5] . Reference [5] shows that the radiation noise from a PV model with a power line is significantly greater than that from a PV model without a power line. The cable of a PV power generation system is an important factor determining the radiation noise of the system. To install a PV power generation system, a frame wire is often used and is connected between the PV panel and the ground plane. However, it is unclear how the frame wire of the PV power generation system contributes to radiation noise. There have been very few studies on the effect of the frame wire on radiation noise. It is extremely important to discuss radiation noise from a PV power generation system with a frame wire. In this study, a PV measurement model with two PV panels is proposed. The radiation noise from this model is compared with that from a simulation model. Then, the effect of various installation positions of a frame wire installed between the PV panels and the ground plane on radiation noise from the DC side of a PV power generation system is investigated in the frequency range from 150 kHz to 30 MHz.
PV measurement model
A PV measurement model with two PV panels is proposed. This model can be easily replaced by a simulation. Fig. 1 (a) shows a schematic for measuring the current and radiation magnetic field from a PV power generation system. Two commercial PV panels are located 2 m above the ground plane and connected to a pair of power lines. The other side of the power line is connected to a network analyzer through a DC block. A 4-port network analyzer is used for the measurement. To destroy the balance of the power line and the PV panel and create a common mode noise, port 1 is used as a noise generator, which injects a signal into one of the two cables. The output level of port 1 is 5 dBm. Port 2 is used as a terminal. Ports 3 and 4 are used to measure the current and the radiation magnetic field generated from the PV power generation system, respectively. The current probe is set at 1 m above the ground plane. The loop antenna is also set at 1 m above the ground plane. The distance from the PV measurement model to the loop antenna is 3 m. Figs. 1(b) and (c) show the results for the frequency spectrum of the current and each component of the magnetic field of the noise radiated from the PV model, respectively. The current and magnetic field Hy obtained from the PV measurement and simulation models are in good agreement. The validity of the PV simulation model with two PV panels is thus confirmed. This simulation model can deal with a large-scale PV power generation system by increasing the number of PV panels. It is also observed that the shape of the spectrum of Hy is similar to that of the current, which is considered as the source of the radiation noise. Peaks of the current and magnetic field occur at 11.8 MHz. The level of Hy in this model is greater than those of Hx and Hz. The radiation noise in the y-direction is dominant. The radiation noise of Hy is caused mainly by the power lines.
3 Effect of frame wire installed along power lines on noise Fig. 2(a) shows a PV measurement model with a frame wire installed along the power lines. One side of the frame wire is connected to the edge of the metal frame. The other side is connected to the ground plane along the power lines. The length of the frame wire is 3 m. Fig. 2(b) shows the frequency spectrum of the currents of the power lines and the frame wire. A peak of the currents of the power lines and the frame wire is observed at 4.1 MHz. A trough of the current is also observed at this frequency when the power lines and the frame wire are measured together. This means that the phases of the currents of the power lines and the frame wire are reverse, resulting in their cancellation. Thus, the current decreases at this frequency.
Comparison of the currents that are measured with the power lines and the frame wire together of this model with the power lines for the model in Fig. 1(a) shows that the current decreases at approximately 4.1 MHz. The frame wire is effective in suppressing the current, which is the source of the radiation noise, at low frequencies. Fig. 2(c) shows the frequency spectrum of each component of the magnetic field of the noise. The spectrum of the magnetic field Hy is similar to that of the current. The radiation magnetic field is also suppressed at 4.1 MHz. As described earlier, two peaks of the currents of the power lines and the frame wire are observed at 4.1 and 12.3 MHz, respectively. The lower-frequency peak is caused by the installation of the frame wire. At this frequency, the phases of these currents are reverse and cancel each other. Therefore, the radiation noise can be suppressed at low frequencies when the frame wire is connected to the edge of the frame of the PV panel and the ground plane along the power lines. We also found that there is no significant difference between the Hx and Hz of the PV model with and without the frame wire.
4 Effect of frame wire installed between corner of PV panels and ground plane on noise Fig. 3(a) shows a PV measurement model with a frame wire installed between the corner of PV panels and the ground plane. One end of the frame wire is connected to the corner of one of the two PV panels. The other end is vertically connected to the ground plane. The length of the frame wire is 3 m. Fig. 3(b) shows the frequency spectrum of the currents of the power lines and the frame wire. Two peaks are observed at 2.9 and 14.6 MHz. Comparison of the level of the current in this model with that in the Fig. 1(a) model shows that the current clearly increases at low frequencies. This increase is caused by the separation of the frame wire from the power lines. A trough of the current is observed at 10.3 MHz. Fig. 3(c) shows the frequency spectrum of each component of the magnetic field. Two peaks of the magnetic field Hy are observed at 2.9 and 14.7 MHz. Comparison of the spectrum of the magnetic field Hy with that of the current of the power lines shows that there is no significant difference between these peaks. However, a difference is observed between these spectrums at the trough. Moreover, the PV model with the frame wire is compared with the PV model without the frame wire. There is no significant difference between the levels of the peaks for these models. However, a difference is observed between these models at 2.9 MHz. The radiation magnetic field increases at this frequency when the frame wire is installed. In contrast with the model shown in Fig. 2(a) , the frame wire is separated from the power lines. The currents between the power lines and the frame wire cannot cancel each other. Therefore, this increase is caused by the loop formed by the power lines, PV panels and the frame wire. Comparison of each component of the magnetic field for this model with that for the model without the frame wire shows that the component x of the magnetic field clearly increases, especially at lower frequencies. We also found that the component z increases at approximately 2.9 MHz. These increases are caused by the loop of the PV model as described above.
Conclusions
The effect of various installation positions of a frame wire on radiation noise is investigated. The radiation noise can be suppressed at low frequencies when the frame wire is installed along the power lines. However, we also found that the radiation noise increases when the frame wire is installed between the corner of the PV panels and the ground plane. Therefore, the radiation noise from the DC side of the PV power generation system can be increased when the frame wire is installed at unsuitable positions. The frame wire should be installed along the power lines. 
